Summary Morphological and cytological characterization of a nuclear male sterile line (MS-12) of chilli revealed association of 3 morphological markers, viz., taller plant height, erect plant growth habit and dark purple anthers with the male sterile plants. A scheme has been proposed to identify and remove majority of male fertile plants from hybrid seed production field at early growth stage based on shorter plant height and intermediate growth habit (male fertile) followed by identification and removal of the remaining male fertile plants on the basis of light purple anthers at later stage. Meiotic analyses of male fertile and male sterile plants revealed that MS-12 was a sporogenous male sterile line, in which microspores degenerated immediately after formation of the tetrads. Key words Capsicum, Morphological markers, Male sterility, Tetrad.
In Capsicum, more than a dozen of monogenic-recessive nuclear male sterile mutants with complete and stable male sterility expression have been reported. In contrast, expression of male sterility in most of the nuclear-cytoplasmic male sterile lines reported so far is incomplete (partial) and unstable due to the various reasons (Shifriss 1997) . Therefore, nuclear male sterile lines are being predominantly utilized to produce hybrid seeds in many countries. One such male sterile line (MS-12) is being utilized by the many farmers to produce hybrid seeds of chilli in India (Kumar et al. 2000) , but mechanism of male sterility in this line is not well documented. In the coming decades, isolation and molecular characterization of male fertility (mf) and corresponding male sterility (ms) genes would be an integral part of making strategies to develop transgenic male sterility systems. Therefore, understanding on expression stage(s) of ms gene of MS-12 line at cytological level may facilitate proper and efficient execution of such research activities in future. Morphological characterization of MS-12 line may provide opportunity to identify phenotypic marker(s), which may facilitate early demarcation of male sterile/fertile plants in hybrid seed production field.
Hence this study was conducted to morphologically characterize male sterile and isogenic male fertile plants and propose more efficient scheme for the identification and removal of male fertile plants from hybrid seed production field and to study the cytological mechanism(s) of male sterility expression in MS-12 line and discuss possible utilization of such knowledge in male sterile line development programme.
Materials and methods
Plant materials A total of 80 plants raised from the seeds of 5 fruits derived from the cross between male sterile and heterozygous male fertile plants were included in this study (Table 1) . These crosses were made during 1999-2000 in order to maintain an active collection of MS-12 line at Indian Institute of Vegetable Research (IIVR), Varanasi. MS-12 line is a monogenic, recessive nuclear male sterile line, possessing mc-509 mutant gene, which was induced through mutagenesis by Pochard (1970) . During 1980's, a sweet pepper male sterile line with mc-509 gene was introduced at Punjab Agricultural University (PAU), Ludhiana, India. Subsequently, male sterile gene (mc-509) was introgressed in multiple disease resistant chilli variety Punjab Lal and designated as MS-12 (Singh and Kaur 1986) . In revised nomenclature of ms genes of Capsicum, mc-509 gene was reassigned as ms-10 (Daskalov and Poulos 1994) . Seeds were sown in nursery beds on 15th July, 2000 and 30 days old seedlings were transplanted in chilli breeding plot under standard horticultural practices. In a second experiment, 35 plants (transplanted in second week of July, 2000) of MS-12 line were selected to validate visual observation on association of taller plant height with male sterile plants.
Morphological observations
The observations on plant height, plant growth habit, anther colour and male sterility were recorded on all the plants at 50% fruiting stage. In the first week of August, 2000, the selected 35 plants of MS-12 were classified in male sterile and male fertile plants based on taller and comparatively shorter height, respectively and accordingly, these plants were labeled with the help of plastic tags. Finally, male fertile and male sterile plants were identified by 3 methods: (i) examining anthers of fully opened flowers for the presence (male fertile) or absence (male sterile) of pollen (ii) tapping of small portion of anthers on glass slide in 1.5% acetocarmine and observing presence (male fertile) or absence (male sterile) of pollen and (iii) bagging of flower buds before anthesis with muslin cloth and examining ability (male fertile) or non-ability (male sterile) to produce selfed fruit with seeds.
Meiotic study
For meiotic analyses, appropriate size of flower buds from one male fertile and one male sterile plant were collected and fixed in alcohol : acetic acid (3 : 1) solution containing few crystals of ferric chloride. After 24 h, flower buds were directly squashed in 1.5% acetocarmine and meiotic slides showing desirable stages were prepared. Frequency of meiotic configurations were recorded at metaphase I (MI) and observation were recorded on frequency of PMCs showing various meiotic stages with very clear identity, i.e., diakinesis, anaphase I (AI), telophase (TI), AII, TII and tetrad. The PMCs with doughtful identity (due to stickiness of the chromosomes) were ignored during recording of observations.
Results

Segregation for male fertility/sterility
The chi-square (2) analyses for the observed and expected number of male sterile and male fertile plants showed good fit between the observed and expected ratio. Coincidentally, there was complete agreement between the observed and expected number of male sterile (40) and male fertile (40) plants, when data of all the 5 crosses were pooled (Table 1) .
Morphological characteristics (Plant height)
Among the male sterile plants, maximum average plant height was recorded in plants of cross #5 (56.63 cm) followed by plants of cross #2 (56.60 cm) while the minimum plant height was recorded in cross #1 (51.78 cm). Among the male fertile plants, maximum average plant height was recorded in cross #4 (48.40 cm) followed by cross #1 (37.00 cm), while minimum plant height was recorded in cross #3 (33.83 cm). When average height of male sterile and male fertile plants in all the crosses were statistically compared, height of male sterile plants was found to be significantly higher in cross #1, cross #3 and cross #5. However, in cross #2 and cross #4 the mean differences were non-significant. The pooled mean height of all male sterile plants was also found to be signifi-cantly higher than the mean height of male fertile plants (Table 2) .
Among the 40 male sterile plants, height of only three plants was less than 30 cm, i.e., one plant each in cross #1 (24 cm), cross #2 (29 cm) and cross #5 (27 cm) and the height of the remaining plants were more than 50 cm. Similarly, among 40 male fertile plants also, only 3 plants were having more than 50 cm height, i.e., 2 plants in cross #4 (69, 50 cm) and one plant in cross #5 (56 cm). In general, height of most of the male sterile plants was >50 cm and that of male fertile plant was <40 cm.
Twenty days after transplanting (DAT), among the 35 selected plants, 16 and 19 plants were suspected (based on plant height) and tagged as male sterile and male fertile, respectively. However, confirmatory results revealed that out of 19 male fertile plants, one was male sterile. The identity of the remaining male sterile and male fertile plants were remain the same as demarcation based on the plant height.
Plant growth habit and anther colour
The remarkable observation recorded during this study was that all the male sterile plants showed erect growth habit while growth habit of all the male fertile plants was intermediate. Close visual examination of anthers of male sterile and male fertile plants revealed that 2 male sterile plants beared yellowish anthers (Fig. 1) while remaining 38 male sterile plants beared dark purple anthers (Fig. 2) . All the 40 male fertile plants were having light purple anthers (Fig. 3) .
Meiosis in male fertile and sterile plant Examination of meiosis in male fertile plant showed that meiosis was normal, as all the PMCs examined at various stages were observed to be normal (Table 3 ). All the PMCs showing diakinesis stage had 12II. Similarly, all the 7 PMCs examined at MI also had 121I (Fig. 4) . A total of 55 PMCs at TI (Fig. 5) , 5 at All and 73 at TII were observed to be normal, as there was no evidence of presence of laggard(s) in these cells. A large number (240) of normal tetrads were also scored and there were presence of normal stainable pollen (Fig. 6, Table 3 ). Meiotic analysis of male sterile plant revealed that meiosis proceeds normally up to tetrad formation because a large number of normal PMCs were observed at various stages, i.e., 125 PMCs at MI (Fig. 7) , 501 at AI, 129 at TI, 5 at MII, 167 at TII (Fig. 8 ) and 1237 tetrads (Table 3) . However, examination of a large number of slides prepared from the male sterile anthers revealed complete absence of pollen (Fig. 9 ). Only in 2 slides, 1 or 2 rudimentary pollen were observed. In male fertile and male sterile plants, PMCs with only 12 bivalents were observed at MI. In male fertile plant, frequencies of ring (RII) and chain (CII) bivalents were 7.20 and 4.80, respectively. In male sterile plant, frequencies of RII and CII were 7.97 and 4.03, respectively. There was no significant difference between the mean chiasmata of male fertile (22.00/PMC) and male sterile (21.78/PMC) plants.
Figs. 1-9. 1-3) Anther colour of male sterile and male fertile plants. 1) Yellowish, 2) dark purple anthers of male sterile plant, 3) light purple anthers of male fertile plant. 4-6) Normal meiosis in male fertile plant. 4) Normal PMC showing 8 RII+4 CII at metaphase I, 5) normal PMC at telophase I, 6) normal pollen. 7-9) Meiosis in male sterile plant. 7) Normal PMC showing 8 RII+4 CII at metaphase I, 8) normal PMC at telophase II, 9) degenerated tetrads. Inheritance of male sterility Results on segregation of male sterile and male fertile plants revealed that male sterility expression in MS-12 line (ms-10 gene) is strictly under the control of single recessive gene and there is no involvement of modifiers. This is because, good fit (based on monogenic control) was observed in all the 5 populations, which were very small in size (Table 1) . Thus, possible involvement of modifier gene(s) in the expression of ms-10 (formerly me-509) may be precluded in the nuclear background of Punjab Lal variety. This suggestion may be further supported by the fact that male sterility expression in MS-12 line is highly stable and absolute (complete). In Capsicum, majority of nuclear male sterile lines have been reported to be highly stable (Shifriss 1997) , however, few unstable male sterile lines have also been reported (Kaul 1988) . Therefore, for the tagging and cloning of ms or mf genes, utilization of MS-12 line may be favored over those lines, where the modifier genes along with environmental factors determine the expression of male sterility.
Morphological markers
Association of taller plant height with most of the male sterile plants noticed during this study could be explained either on the basis of tight linkage between the ms-10 with the major loci controlling tall plant height or pleotropic effect of ms-10 gene on plant height. Since in the populations of 80 plants, 3 male sterile plants with less than 30 cm height and 3 male fertile plants with more than 50 cm height were recovered, association of taller plant height with male sterility observed in MS-12 line is perhaps due to the linkage between ms-10 gene and major loci controlling plant height. In nuclear male sterile line of chilli, linkage of ms gene with morphological markers has been reported (Meshram and Narkhede 1982 , Shifriss 1997 , Kumar et al. 2000 .
The non-significant differences between the mean height of male sterile and male fertile plants obtained in cross #2 and cross #4 may be attributed due to the small sample size and greater range values of individual plant height. The difference in the anther colour of male fertile and male sterile plants may be due to the pleotropic effect on ms-10 gene on anther colour. We were unable to locate any report on pleotropic effect of ms gene in Capsicum. Nevertheless, further characterization of male sterile plant with yellowish anthers would be imperative to develop a population of MS-12 line with only yellowish anther male sterile plants. Such population will facilitate differentiation of male sterile/fertile plants more easily as compared to differentiation of male sterile/fertile plants on the basis of dark purple (male sterile) and light purple (male fertile) anthers (Figs. 1-3) .
Utilization of morphological markers
One of the major limitations in the utilization of nuclear male sterility system (like MS-12 line) is cost and time involved in the identification and removal of male fertile plants in hybrid seed production field. During this study, 3 morphological markers, viz., taller plant height, erect growth and dark purple anther (seldom yellowish) were found to be associated with the male sterile plants. The plant growth habit coupled with plant height can be utilized at comparatively early growth periods to differentiate male sterile plants (erect growth habit with taller height) from the male fertile plants (intermediate growth habit with shorter height) and a large number of male fertile plants can be identified and removed in the hybrid seed production field at 20 DAT. Since there may be escape of recombinant male fertile plants with tall height during first monitoring in hybrid seed production field, it would be appropriate to have second monitoring at bud stage (before shading) using dark purple/yellowish anthers (male sterile) and light purple anthers (male fertile) markers. The identification and removal of male fertile plants during second monitoring will eliminate possible escape of male fertile plant in hybrid seed production field. The farmers are already utilizing MS-12 line to produce hybrid seeds (Kumar et al. 2000) and practicing close planting distance, but they are able to identify male sterile and male fertile plants only after flower bud development (i.e. 30-35 DAT), which is a very tedious and risky job with respect to contamination in hybrid seeds. Hence, proposed scheme is of applied value because its implementation will facilitate identification and removal of majority of the undesired male fertile plants from hybrid seed production field at comparatively early growth stage. The removal of most of the male fertile plants much before flower anthesis (20 DAT) may ultimately help in saving the cost on labour and other inputs through providing opportunity to exercise more efficient production management especially the maintenance of female plant (male sterile) population per unit area (Kumar et al. 2000) and also reduced risk of contamination in hybrid seeds.
Type of male sterility
Since in male sterile plant, there was complete failure of pollen formation, MS-12 line is an example of sporogenous male sterility described by Kaul (1988) . Most of the male sterile mutants in Capsicum are sporogenous, however, functional male sterility has also been reported (Anand and Deshpande 1988) .
Cytological mechanism of male sterility
In Capsicum, it is often difficult to observe chromosome pairing at prophase or metaphase due to the stickiness of meiotic chromosomes (Tong and Bosland 1999) , fortunately, during this investigation, clear meiotic preparations were obtained (Figs. 4-9 ). Meiotic analyses of male fertile and male sterile plant revealed that in male sterile plant meiosis proceeded normally up to the tetrad stage (Figs. 7, 8 ), but just after that microspores degenerated and tetrad do not contain any pollen (Fig. 9 ). Hence, at cytological level, microspores degenerated immediately after tetrad formation. The delayed activity of callase enzyme, leading to failure of callose dissolution may be one of the causes of microspore degeneration as also reported by Pochard (1970) in a Capsicum male sterile line. In Capsicum, action of majority of ms genes has been reported to be of this type, wherein microsporogenesis breakdown occurs just after tetrad formation (Shifriss and Frankel 1969 , Daskalov 1974 , Hirose and Fujime 1981 , Shifriss 1997 . In contrast, there are nuclear male sterile lines where breakdown of microsporogenesis has been reported to occur before initiation of meiosis (Kaul 1988) , during meiosis (Kaul 1988, Sun and Wang 1999) and after pollen mitosis (Meshram and Narkhede 1982) .
Based on identified morphological markers (taller plant height and dark purple anther) and cytological marker (degenerated tetrad), one may be able to identify male sterile/fertile plants in backcross generation comparatively at early stage, which may be helpful in accelerating backcrossing programme aiming to transfer ms-10 gene in the nuclear background of sweet pepper lines.
